dietary inorganic phosphate enhances cap-dependent protein translation, cell cycle progression, and angiogenesis in the livers of young mice.
PHOSPHATE IS AN ESSENTIAL nutrient to all living organisms because it is required for diverse cellular functions and organ development (37, 38) . Since phosphate cannot be synthesized, the need for this nutrient should be met by ingestion of phosphate in the diet, both naturally and as added phosphate (39) . Thus inorganic phosphate (P i ) is widely used as a food ingredient, and surveys in various countries indicate that the intake of phosphate has increased steadily as P i -containing foods increased by ϳ17% for the decade until 1993 (5) and that the use of phosphate as food additives may continue to increase (13) .
Several lines of evidence indicate that elevated P i functions as a stimulus capable of increasing or decreasing several genes related to cell cycle and angiogenesis through specific signaling pathways (12, 13) . To date, many studies involving P i have focused mainly on its effect in bone and kidneys. However, studies have not yet investigated homeostatic maintenance of normal liver and the adaptation of the liver to excess P i . P i enters into the cells via Na/P i cotransporter (NPT) (27) , and the NPT expression is regulated mainly by dietary and serum P i level (38) . Among three classes of NPTs (Type I, II, and III), Type II has been identified in mammalian liver, and considerable progress has been made in our understanding of their function and regulation (10) .
Akt/protein kinase B is a serine/threonine kinase activated in cells exposed to diverse stimuli such as hormones, growth factors, and extracellular matrix components. Akt has also emerged as a crucial regulator of widely divergent cellular processes including apoptosis, proliferation, differentiation, and metabolism (23, 25) . Our previous studies (12, 13) demonstrated that high dietary P i perturbed normal growth of brain and lung by affecting Akt signaling in developing mice. These results suggest that high dietary P i may affect liver development by altering Akt signaling. To investigate this possibility, we examined the effects of high dietary P i on liver development in transgenic mice expressing CMV-LucR-cMyc-IRESLucF dual reporter genes. CMV-LucR-cMyc-IRES-LucF reporter gene system is a convenient and powerful tool to discern cap-dependent and cap-independent protein translation since Renilla luciferase (LucR) and firefly luciferase (LucF) provide the level of cap-dependent and cap-independent internal ribosome entry site (IRES) protein translation, respectively (7) . Our results clearly demonstrate that, in the livers of young mice, high dietary P i functions as a critical signaling molecule affecting organ development via Akt-dependent cell cycle progression, angiogenesis, and cap-dependent translation.
MATERIALS AND METHODS
Cell culture and proliferation assay. WB-F344 liver epithelial cells (American Type Culture Center, Manassas, VA) were seeded in a 96-well plate at 0.5 ϫ 10 4 cells/well and grown in DMEM supplemented with 5% FBS and 1% penicillin/streptomycin at 37°C in a humidified incubator containing 5% CO 2. Pi was used in the form of NaPO 4, pH 7.4, and sodium sulfate was used as a control to clarify the potential salt effects. Foscarnet (Fos; Sigma-Aldrich, St. Louis, MO) was used as a phosphate transport inhibitor. After 48 h of P i treatment with or without Fos, cell growth was evaluated by 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide assay (MTT, SigmaAldrich) according to the manufacturer's instruction.
Animals and diet. Two-week-old transgenic newly weaned male mice expressing CMV-LucR-cMyc-IRES-LucF reporter gene were used. Mice were randomly separated into two dietary groups (10 mice/group), one group on a normal diet containing 0.5% P i (normal Pi) and another group on a high-phosphate diet containing 1.0% P i (high Pi). All diets were prepared according to the guideline of American Institute of Nutrition and thus fulfill the requirement for normal growth, which is described pre-cisely in Reeves et al. (29) . Two weeks after of being fed Pi diet, five mice from each group were euthanized, and the remaining mice were killed at 4 wk. Serum and the liver tissues were collected and stored in Ϫ80°C for further use. Liver P i content was measured using the methods described by Sarkar et al. (33) . In this study, all animal-based procedures were in accordance with the Guidelines for the Care and Use of Experimental Animals of Seoul National University that were formulated from the Institute of Laboratory Research (ILAR) Guide for the Care and Use of Laboratory Animals. Also, all animal experiments described in this study were approved by the Institutional Animal Care and Use Committee at Seoul National University.
Liver function analysis. Serum albumin, aspartate aminotransferase (AST), and alanine aminotransferase (ALT) were measured with a colorimetric assay kit (Asan Pharmaceutical, Seoul, Korea).
H & E staining and determination of cell size. For histological analysis and determination of the cell size, the paraffin sections were stained with hematoxylin and eosin (H & E) after being deparaffinized in xylene and rehydrated through a gradient series of alcohol. The cell size was analyzed using indirect measure methods as described by Baena et al. (2) .
Luciferase assay. Luciferase activities in the tissue extracts were measured with an EG&G Berthold luminometer (Bundoora, Australia). Briefly, livers were homogenized in passive lysis buffer (Promega, Madison, WI). The homogenates were centrifuged for 20 min at 4,500 revolution/min at 4°C, and the supernatant was centrifuged for an additional 15 min at 13,000 revolution/min at 4°C. LucF and LucR activities were measured using a dual luciferase assay kit (Promega).
Western blot analysis. After measuring the protein concentration of homogenized lysates using a Bradford kit (Bio-Rad, Hercules, CA), equal amounts (30 g) of protein were separated on SDS-PAGE gels and transferred to nitrocellulose membranes. The membranes were blocked in Tris-buffered saline containing Tween 20 (TBST) containing 5% skim milk for 1 h; immunoblotting was performed by incubating the membranes overnight with their corresponding primary antibodies at 4°C in 5% skim milk. Anti-NPT-2b was obtained from Alpha Diagnostic International (San Antonio, TX). Monoclonal antibodies against Akt1 and phospho-Akt at Thr308 were produced using a general method described elsewhere (10a). Anti-phospho-Akt (Ser473), anti-eukaryotic initiation factor 4E (eIF-4E), anti-eIF-4E binding protein 1 (4E-BP1), anti-phospho-4E-BP1, anti-cyclin D2, anti-p21, anti-p27, anti-matrix metalloproteinase-2 (MMP-2), antifibroblast growth factor 2 (FGF-2), anti-vascular endothelial growth factor (VEGF), anti-cyclin-dependent kinase 4 (CDK4), CD31, CD34, and anti-proliferating cell nuclear antigen (PCNA) antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The antibodies against mammalian target of rapamycin (mTOR), phosphomTOR, and ␣-tubulin were obtained from Cell Signaling (Beverly, MA). After being washed in TBST, the membranes were incubated with a horseradish peroxidase (HRP)-labeled secondary antibody for 1 h at room temperature. Immunoreactive bands were detected using a luminescent image analyzer LAS-3000 (Fujifilm, Tokyo, Japan). Results were quantified using a measure program of LAS-3000.
Immunoprecipitation and protein kinase assay. Immunoprecipitation of eIF-4E was carried out using a Seize primary mammalian immunoprecipitation kit (Pierce, Rockford, IL). The protein kinase activity of Akt was examined with an Akt kinase assay kit (Cell Signaling) according to the manufacturer's instruction. For the Akt activity assay, GSK-3 was used as a substrate of Akt because GSK-3 is one of the downstream targets of PI3K/Akt. The NH 3-terminal Ser residue of GSK-3 is within the consensus sequence of the substrates for Akt (11); thus GSK-3 can be phosphorylated by activated Akt (40) . Such phosphorylated GSK-3 can be detected by Western blot using specific phospho-GSK-3 antibody.
Immunohistochemistry. The liver tissues were fixed in 10% neutral buffered formalin, paraffin processed, and sectioned at 4 m. For immunohistochemistry (IHC), the tissue sections were deparaffinized in xylene, rehydrated through a gradient series of alcohol, incubated in 200 l of proteinase K, and washed and incubated in 3% hydrogen peroxide (AppliChem, Darmstadt, Germany) for 30 min to quench endogenous peroxidase activity. After being washed in PBS, the tissue sections were incubated with 5% BSA in PBS for 1 h at room temperature to block nonspecific binding sites. Primary antibodies were applied on tissue sections overnight at 4°C. The following day, the tissue sections were washed and incubated with secondary HRPconjugated antibodies for 1 h at room temperature. After being carefully washed, tissue sections were counterstained with Mayer's hematoxylin (DAKO, Carpinteria, CA) and washed with xylene. Cover slips were mounted using Permount (Fisher Scientific, Pittsburgh, PA), and the slides were viewed using a light microscope (Carl Zeiss, Thornwood, NY). Capillary vessels were counted per field of view at ϫ400 magnification in five consecutive fields.
Gelatin zymography assay. Equal amounts of protein were electrophoresed in 10% SDS gel containing 1 mg/ml gelatin. The gel was then washed at room temperature for 1 h with 2.5% Triton X-100 and subsequently incubated at 37°C in a buffer containing 10 mmol/l CaCl 2, 150 mmol/l NaCl, and 50 mmol/l Tris ⅐ HCl (pH 7.5) for 12 h. The gel was stained with 0.5% Coomassie brilliant blue R-250 solution and then destained with 20% acetic acid solution containing 10% methanol. Areas of gelatinase activity were detected as clear bands against the blue-stained gelatin background.
Statistical analysis. Quantification of Western blot analysis was performed using a Multi Gauge version 2.02 program (Fujifilm). All results are given as means Ϯ SE. Results were analyzed using an unpaired Student's t-test (GraphPad Software, San Diego, CA). *P Ͻ 0.05 was considered to indicate a significant difference, and **P Ͻ 0.01 was considered to indicate a highly significant difference compared with corresponding control.
RESULTS

High dietary P i increased the liver mass without affecting liver function.
The diverse functional roles of P i and different nutritional requirements during growth suggest that appropriate in vivo nutritional studies at specific stages of growth are needed. Therefore, we investigated the potential effects of high dietary P i on the liver of young mice. Our results showed that high dietary P i caused the significant increase of liver mass compared with normal P i diet group (Fig. 1A) . Such results suggest that the increased liver growth may affect the liver function. To clarify the effects of P i in the liver function, we performed histopathological analysis and measured the levels of serum albumin, AST, and ALT; however, there was no significant change between high P i and control-diet group (Fig. 1, B and C) .
High dietary P i increased the P i level through the NPT-2b
protein expression in the liver of developing mice. Because NPT-2b is known to be a key regulator of P i homeostasis in the liver (10), we examined the effect of high dietary P i on NPT-2b protein expression in the livers of young mice. Western blotting ( Fig. 2A ) and densitometric analysis (Fig. 2B) showed that high dietary P i significantly increased NPT-2b expression in the livers of young mice. Simultaneously, high dietary P i increased P i concentration in the liver as well (Fig. 2C) .
High dietary P i regulates Akt activity in the liver of developing mice. Our previous study demonstrated that elevated P i affected the Akt signaling in the lung via NPT (6, 17) . Therefore, we also examined the effect of high dietary P i on Akt expression and phosphorylation status in the liver. High dietary P i did not affect the expression of total Akt but significantly increased the Akt phosphorylation at both Ser473 and Thr308 (Fig. 3, A and B) . Such increased Akt phosphorylation at both critical sites was associated with increased Akt protein kinase activity (Fig. 3, C and D) .
High dietary P i enhanced cap-dependent protein translation in the liver of developing mice. Akt-mTOR signaling regulates protein translation by enhancing phosphorylation of 4E-BP1, which causes its dissociation from eIF-4E, leading to eIF-4E activation (30) . Therefore, we investigated the effects of high dietary P i on protein translation in the liver of young dual luciferase reporter mice. Western blotting revealed that high dietary P i significantly decreased the expression of 4E-BP1, whereas the phosphorylation of mTOR and 4E-BP1 were increased (Fig. 4, A and B) . Such decreased total protein expression with increased phosphorylation of 4E-BP1 was associated with increased dissociation of eIF-4E (Fig. 4, A-C) . To determine the differential levels of cap-dependent and cap-independent protein translation, we performed LucF and LucR assays. We found that high P i enhanced cap-dependent protein translation in the liver of developing mice (Fig. 4D) . In addition, the changes of liver cell size were measured by counting the cell numbers per field at ϫ400 magnification because change of protein translation might affect the cell growth. However, no statistical significance was observed (Fig. 4E) .
High dietary P i increased the expression of hepatic angiogenesis factors in developing mice.
Activation of Akt/mTOR signaling (41) and increases in eIF-4E or the phosphorylation of 4E-BP1 are known to upregulate the expression of critical angiogenic factors (8) . We therefore examined the effects of a high-P i diet on the expression of angiogenesis markers. Western blotting revealed that high dietary P i significantly increased the level of angiogenesis factors such as FGF-2 and MMP-2 in the liver of developing mice; however, the VEGF expression remained unchanged. Please note that both pro-MMP-2 as well as active-MMP2 were increased significantly (Fig. 5, A and B) . Therefore, MMP-2 activity was further confirmed using the zymography assay (Fig. 5, C and D) . We also measured the endothelial cell marker protein CD31 and CD34 expression by IHC because CD31 and CD34 staining are widely used to predict the tumor formation because they represent the extent of angiogenesis (28) . We found that high P i increased the expression of CD31 as well as CD34 significantly (Fig. 5, E and F) .
High dietary P i facilitates cell cycle in the liver of developing mice. Akt plays a key role in cell cycle regulation (19) . Therefore, we examined the effect of high dietary P i on the expression of cell cycle proteins. High dietary P i significantly decreased the levels of p21 and p27 (Fig. 6, A and B) , whereas the levels of cyclin D2, CDK4, and cell proliferation marker PCNA (Fig. 6, C and D) were significantly increased in the liver of developing mice. Moreover, such changes of PCNA Fig. 4 . Western blot analysis of Akt downstream signals, measurement of dual luciferase activity, immunoprecipitation assay, and liver cell size in the liver of young mice. Two-week-old transgenic mice were fed a normal-or high-Pi diet for 4 wk. Liver tissue homogenates were subjected to further analysis. A: expression of mammalian target of rapamycin (mTOR), phospho-mTOR (p-mTOR), eukaryotic initiation factor 4E (eIF-4E), 4 eIF binding protein (4E-BP1), and phospho-4E-BP1 (p-4E-BP1) in the liver. B: bands of interest were further analyzed by densitometer. C: immunoprecipitation analysis of eIF-4E and 4E-BP1 levels. D: luciferase activities were measured for the determination of the ratios between cap-dependent and cap-independent protein translations in the liver. r-luc, Renilla luciferase; f-luc; firefly luciferase. E: hepatocyte number per field in liver sections. The cell numbers were counted at ϫ400 magnification. *P Ͻ 0.05, **P Ͻ 0.01 compared with normal-diet group (means Ϯ SE, n ϭ 5).
were further confirmed by IHC (Fig. 6E ) and labeling indexes (Fig. 6F) . To investigate the relationship between high dietary P i and liver cell proliferation, we performed an in vitro P i transport inhibitor study. Our results demonstrated that the P i treatment significantly increased liver cell proliferation at 20 mM concentration, and such increased cell proliferation was significantly inhibited by P i transport inhibitor Fos treatment (Fig. 6, G and H) . 
Cell proliferation stimulation is the primary event incurred
by high dietary P i . As described above, cap-dependent protein translation, angiogenesis, and cell cycle progressions were increased by high dietary P i for 4 wk. To demonstrate which one of these is the primary event, we performed a 2-wk feeding experiment. Results showed that high dietary P i significantly increased the expression of cell proliferation marker protein PCNA but did not affect cap-dependent translation and the expression of angiogenesis factors in the middle of the whole period of experiment (Fig. 7) . DISCUSSION P i is an essential nutrient that can affect the development of some organs including bone, muscle, brain, and lung through controlling several pivotal genes and regulating signal transduction involved in normal growth (12, 13, 18, 37) . Through this study we demonstrated the effects of high dietary P i on the liver growth (Fig. 1) .
Many studies have suggested that transport of P i into the cell is required for molecular and cellular response. P i transport is regulated by the family of NPT (15) . NPT-2b is an isoform of the NPT family, and recent study has demonstrated that NPT-2b plays an important role in the overall P i homeostasis of the liver (10) . Our study demonstrated that high dietary P i significantly increased the NPT-2b expression and P i concentration in the liver of developing mice (Fig. 2) . Such high P i entrance may be responsible for regulation of signals important for maintaining cellular homeostasis. In fact, Chang et al. (6) reported that elevated P i stimulated Akt signaling through NPT protein in lung cells and that P i -induced Akt phosphorylation was blocked by a phosphate transport inhibitor. Similar results were also observed in an in vivo animal study by Jin et al. (12) .
Akt is an important signaling protein in response to nutrient metabolism (36) , and such Akt signaling strongly promotes the liver development through the regulation of diverse cellular processes (23) . Protein translation is also controlled by Akt signaling, and changes in protein translation may affect organ growth and development (32) . In our study, high dietary P i significantly enhanced Akt kinase activity in the liver of developing mice by increasing the phosphorylation of Akt at both Thr308 and Ser473 (Fig. 3) . The increased Akt phosphorylation also enhanced cap-dependent protein translation via the phosphorylation of mTOR and 4E-BP1 (Fig. 4, A-D) . Akt directly phosphorylates and activates mTOR, a protein kinase (1) . Activated mTOR kinase is known to phosphorylate 4E-BP1, causing the dissociation of 4E-BP1 from eIF-4E. The free eIF-4E then binds to mRNAs, allowing cap-dependent translation (34) . Recently, Fingar et al. (9) reported that overexpressed cap-dependent protein eIF-4E increased the mammalian cell size. In addition, overexpression of eIF-4E increased the level of several proteins important for cell growth and proliferation (9) . Kevil et al. (30) also reported that overex- pressed eIF-4E increased FGF-2 expression. Other studies indicated that FGF-2 played an important role in the liver development (14, 35) , hepatocyte migration, and proliferation as well (20) . Our results showed that high dietary P i significantly increased the cell proliferation marker protein PCNA expression in the liver through downregulating cell cycle inhibitors (p21 and p27) and upregulating cyclin D2 and CDK4 (Fig. 6, A-F) . Such increased cell proliferation was dependent upon P i treatment (Fig. 6, G and H) . Together, these findings suggest that high dietary P i may affect the normal liver development of young mice through facilitating Akt-related capdependent protein translation and cell cycle progression.
Angiogenesis is vitally important during organ development. Dysregulated vessel growth has a major impact on health and contributes to the pathogenesis of many disorders, some quite unexpected (26) . Akt plays important roles in both physiological and pathological angiogenesis by inducing the production of angiogenic factors (22) . One of the most important of these is FGF-2 (4). MMP-2 is also a major mediator of angiogenesis associated with basement membrane degradation, tumor invasion, and metastasis (17) . Recent studies demonstrated that Akt signaling stimulates the expression of MMP-2 (41) and FGF-2 (24). Furthermore, eIF-4E is an oncogene that can enhance the translation of c-myc, another important angiogenic factor (32). Ruggero et al. (31) reported that the translation factor eIF-4E promoted tumor formation in lymphomagenesis. These findings agree with our detection of increased FGF-2 and MMP-2 (Fig. 5, A-D) . Furthermore, immunohistochemical analysis using the angiogenesis markers CD31 and CD34 (21) revealed a significant increase in angiogenesis in the high-P i group. Taken together, these findings strongly suggest that high dietary P i contributes to angiogenesis in the liver of developing mice.
To obtain the information that one event was primarily induced by the high dietary P i among the progressions of cell cycle, protein translation, and angiogenesis, we performed an additional experiment. After 2 wk of feeding with high dietary P i , the cell cycle was significantly increased; however, protein translation and angiogenesis remained unchanged (Fig. 7) . These results suggest that high dietary P i primarily stimulates the cell cycle progression, and such stimulated cell cycle may initiate further steps for the increases of protein translation and angiogenesis.
In summary, our results suggest that high dietary P i may disturb the normal development of liver in young mice partially through affecting Akt-related cap-dependent protein translation, cell cycle, and the expression of angiogenic factors. Also, P i may increase the liver mass through affecting other signals because P i is known to regulate the expression of multiple genes including transcription regulators and signal transducers (3) . Thus careful regulation of P i consumption may be important in maintaining a normal development of the liver. 
